We have examined the effects of 20-keV electron irradiation on the ͓-Cu͑1͒-O͑1͒-͔ n chain-oxygen arrangements in oxygen-deficient but otherwise twin-free YBa 2 Cu 3 O 7−␦ single crystals. Comparison of polarized Raman spectra of nonirradiated and irradiated areas provides evidence that electron bombardments instigate the collective hopping of oxygen atoms either from an interstitial at O͑5͒ site to a vacant O͑1͒ chain site or by reshuffling the chain segments to extend the average length of chains without changing the overall oxygen content. This oxygen ordering effect, while counterintuitive, is analogous to that found in photoexcitationinduced ordering in which temporal charge imbalance from electron-hole pair creation by inelastic scattering of incident electrons causes a local lattice distortion which brings on the atomic rearrangements.
Recent observations of photoexcitation-induced superconductivity and persistent normal-state photoconductivity in YBa 2 Cu 3 O 7−␦ ͑YBCO͒ have revealed an intriguing phenomenon involving the ordering of ͓-Cu͑1͒-O͑1͒-͔ n chainoxygen atoms. [1] [2] [3] Such ordering yields longer chains with larger n and higher carrier concentration on the Cu͑2͒O͑3͒ 2 planes because longer chain fragments are more effective in hole doping. Therefore, it also results in a higher superconducting transition temperature T c for the same overall oxygen stoichiometry. [1] [2] [3] [4] While the detailed ordering mechanism is still under debate, it is believed 1 that local photoexcitation of electronic states in atoms leads to a fluctuation of thermodynamic potential in the nearby regions, thus providing a reduced activation energy barrier for atomic migration. Theoretical investigations made on the thermodynamics of oxygen ordering in YBCO based on a two-dimensional Ising model and its variants 3, 5 have shown that, indeed, ordered superpatterns of nonsegmented CuO chains on the CuOchain planes are energetically favorable. This was corroborated by the observation of cell-doubled ͑O-II or Ortho-II͒ or cell-tripled ͑O-III or Ortho-III͒ phases in both oxygendeficient YBCO bulk crystals and thin films using neutron scattering, x-ray and electron diffraction, and electrical transport measurement. [6] [7] [8] The incident photon energy and energy transfer involved in the above-mentioned photoexcitation was in the range of 2-3 eV. [1] [2] [3] [4] 9 This compelled us to ask whether an electron beam that imparts the same energy to an oxygen atom would bring about a similar ordering effect. Assuming the energy transfer comes directly from knock-on impacts, the required incident electron energy would then be 10-30 keV, which is readily available on commercial scanning electron microscopes. Electron irradiation, however, has been widely known to create crystal defects, e.g., by 100 keV-1 MeV electron bombardments on YBCO superconductors. 10, 11 At such higher energies, however, CuO 2 -plane oxygen defects may be generated and their effects could also offset contributions from the CuO-chain defects. Therefore, there is a need to verify the effects for irradiation energies which are so low that only the kinetics of the chain oxygen is relevant. For this reason, we designed a comparative study via micro-Raman spectroscopy on a twin-free oxygen-deficient YBCO single crystal subjected to a 20-keV electron bombardment. By comparing the spectra from irradiated and nonirradiated areas, we find that this irradiation causes a healing of existing point defects on the CuO chains and enhances the oxygen ordering.
Single crystals of YBCO were prepared by a flux-growth technique, followed by slow cooling to room temperature to minimize residual strain. The crystal selected for detailed measurements was 0.05 mm thick with lateral dimensions of 1 ϫ 0.7 mm 2 . A micrograph of the crystal taken under a polarized light microscope is shown in Fig. 1͑a͒ , where it is evident that the sample has several large twin-free domains. The area selected for electron irradiation is marked with an open rectangle within the twin-free region. The magnetic behavior of the crystal was investigated by magneto-optical ͑MO͒ imaging of the emerging Meissner-state field expulsion upon cooling through T c in the presence of a small applied magnetic field. Seen from the MO image in Fig. 1͑b͒ taken at 76 K, the crystal has excellent magnetic uniformity as judged by its homogeneous contrast. The uniformity is at m scale, limited largely by the resolution of optical microscope. Such uniform field expulsion persists even at 86 K, which is very close to the onset T c of 93 K determined based on a series of MO images as temperature changes. From dc magnetization measurements under an applied external field H ext Ϸ 0.1 Oe, the onset T c is ϳ93 K with a sharp transition of width ϳ0.5 K. This largely suggests optimal oxygen doping with ␦ Ϸ 0.08. However, even at this low field, the zerofield cooled M͑T͒ curve carries a long tail dragging from 55 to 92.5 K in which = M͑T͒ / H ext varies by ϳ20% from Ϸ −1 to Ϸ−0.8. Increase of the applied external field to 1 Oe widens the transition width slightly, but a similar M͑T͒ tail persists over the same temperature range. Despite the m level magneto-optic uniformity, these long M͑T͒ tails point to the submicron inhomogeneities of oxygen stoichiometry or the uneven distribution of oxygen point defects, with the variation of ␦ ranging from ϳ0.08 to ϳ0.4 over the entire sample. The volume fraction of each composition decreases continuously with increasing degree of oxygen deficiency.
One has ␦ Ϸ 0.08 for the most part, but ␦ Ϸ 0.08-0.4 for the rest.
For electron irradiation, a field-emission scanning electron microscope was used to provide the 20-keV electron beam. The beam, perpendicularly incident on the crystal plate, was focused into a spot size of 70 nm in diameter and scanned over an area of 10ϫ 10 m 2 . The beam current density was about 3 ϫ 10 19 electrons/ s cm 2 , summing up to an overall dosage of approximately 3.5ϫ 10 18 /cm 2 after 30 s of exposure per electron beam spot at 1 m intervals over the entire 10ϫ 10 m 2 scanned region, giving a total of 100 spots over a 50-min period. The 1-m intervals should give reasonably uniform overall coverage as lateral scattering of the electrons would lead to a 3-D straggling of similar length scale.
Micro-Raman spectra were measured using the 632.8nm excitation of a He-Ne laser with aa and bb scattering configurations, where the incident and scattered polarizations are both parallel to either the a or the b axis, respectively. We used 0.5-mW laser power together with an integration time of 45 min. The low laser power was adopted to avoid possible complications from competing photoinduced ordering effects during the long integration time. The Raman data represent the top 60-nm skin depth layer of the sample, where the effect of the electron irradiation is expected to be uniform. Figure 2 shows the aa and bb polarized spectra measured at room temperature on the area that was electron irradiated, together with the results obtained from an adjacent unirradiated area. The distinctive spectral profiles of the aa and bb spectra allow for an unambiguous identification of the a and b directions. 12, 13 At microscopic level, the structure of oxygen-deficient YBCO is characterized by the coexistence of submicrodomains ͑or "submicrophases"͒ of different oxygen arrangements ͑ortho-I, ortho-II, T, TЈ͒. 14 The Raman spectrum therefore is a superposition of the spectra of these coexisting phases, with the relative weight of each phase being determined by its abundance and Raman cross section. [14] [15] [16] [17] [18] The Raman peak at 140 cm −1 , representing the mode of Cu͑2͒ vibrations along the c axis, is dominated by contributions from the tetragonal T͑␦ =1͒ and TЈ phases ͑0 Ͻ ␦ Ͻ 1͒, and also from partial oxygen disorder. Meanwhile, the position of the O͑2͒ ,O͑3͒ out-of-phase peak ͑337 cm −1 ͒ is indicative of the contributions from ortho-I submicrodomains, whereas the O͑2͒ ,O͑3͒ in-phase mode at 453 cm −1 is suggestive of the ortho-II or T phase. 16 The presence of ortho-II phase ͑␦ = 0.33͒ is also supported by the ortho-II apex oxygen ͑O4͒ peak at 489 cm −1 . 15, 16 The narrow peak at 228 cm −1 and the broad band centered at ϳ560 cm −1 are observed only in the bb spectra and cannot be assigned to any of the Raman-allowed modes of the ortho-I ͑␦ = 0.5͒, ortho-II, or T submicrophases. Wake et al. 9 studied the 228-cm −1 peak for untwinned YBCO crystals in which it was established that the peak appears strictly when the light wave is bb-polarized and has a sharp resonance for laser energies near 2.2 eV ͑ours being 1.96 eV͒. On the basis of their laser annealing experiments, carried out using a 2.18 eV excitation, Iliev et al. 16 concluded that this peak was related to the vibrations of chain-end atoms and its intensity reflected the number of chain fragments rather than the overall oxygen content. Thus, the diminution of the 228-cm −1 peak after electron bombardment is a manifestation of a dra- ͑Color online͒ Polarized Raman spectra from the twinfree YBCO crystal in the irradiated and nonirradiated areas. The peaks at 140 cm −1 , 337 cm −1 , and 489 cm −1 correspond to the T ͑or TЈ͒, ortho-I, and ortho-II phases, respectively. The peak at 228-cm −1 represents the vibration of Cu atoms at chain ends, the number of which measured by the peak intensity. The diminution of this peak hence suggests the lengthening of ͓-Cu͑1͒-O͑1͒-͔ n chains with overall oxygen content kept unchanged. matically reduced number of chain ends. Given constant oxygen content, this then translates into the elongation of chain fragments. The relative weight of the chain ends would hence have to decrease, as indeed is the case and is corroborated by the decrease in intensity of the 140-cm −1 peak assigned to the oxygen-disordered TЈ phase. To be more specific, the healing process occurs through the irradiationinstigated collective transfer of oxygen atoms either from occupied O͑5͒ interstitial sites to O͑1͒ vacancy sites or by rearrangements of the ͓-Cu͑1͒-O͑1͒-͔ n chain segments such that their average length n ultimately increases at the expense of the total number. Figure 3 illustrates these possible ordering processes.
One key question is why the 20-keV electron irradiation leads to the relocation of oxygen atoms and enhanced ordering. Thermally activated kinetics alone cannot give a full account because all processes take place at room temperature. To seek a more comprehensive answer, consider first the interpretation of persistent normal-state conductivity and enhanced T c in YBCO superconductors as originating from photoexcitation-induced oxygen ordering. 1, 23 Then, from the relativistic corpuscular momentum transfer of a two-particle system of electron and oxygen atom in collision, the maximal energy transferred to the host atom will be 19 E atom max =2M͑E +2m e c 2 ͒E / ͓͑m + M͒ 2 c 2 +2ME͔. Here E is the incident electron energy, M is the rest mass of the host atom, m e is that of the electron, and c is the speed of light. The maximum energy would be transferred with a backscattering angle = 180°, which amounts to 2.79 eV for oxygen atoms, but less for other heavier atoms such as Cu, Y, and Ba from Rutherford scattering of the incident 20-keV electron. The reported enthalpy of bond formation for CuO is 270 kJ mol −1 , 20 which is close to the 2.79 eV per CuO bond. In the literature, Cui et al. 21 assessed the energy to dislodge an oxygen atom from its lattice location to be approximately 1.4 eV. This being the case, then atomic oxygen migrations should occur if the scattering cross section is not taken into consideration. Nonetheless, considering all possible forms of inelastic scattering, starting from those of valence electrons to those of inner-shell electrons, the cross sections of scattering go as valence Ͼ inner shell ӷ Rutherford ͑ = 180°͒. 22 We therefore assert that most of the energy transferred would go into ionizing the constituent atoms, rather than breaking the chemical bonds.
The bonding or valence electrons thus play a major role in the ensuing atomic rearrangements in the lattice. Inelastic scattering through core-level or valence electron excitations, for instance, may cause a temporal charge imbalance in the YBCO lattice to bring on the oxygen atomic rearrangements. In essence, a shift of electrochemical potential has occurred in the sample upon the electron beam exposure, an effect similar in spirit to the photoexcitation-induced charge ordering. 3 It is argued 1,23 that electron-hole pairs are created by photoexcitation in the CuO 2 planes, and the electrons of these pairs are then localized at oxygen vacancies, viz., empty O͑1͒ sites in an ideal lattice, on the nearby partially oxidized Cu͑1͒O͑1͒ chains. This process would tend to locally enhance the orthorhombic distortion that eventually triggers oxygen atoms to hop collectively from O͑5͒ sites to neighboring O͑1͒ sites, or from one O͑1͒ site to another, as mentioned earlier, thus consummating the oxygen ordering effects. The same arguments should hold when the photons are substituted with electrons. Note that although the scattering cross section from an incident electron's collision with a free electron, elastic , is larger than valence , the free electron's effect on the later oxygen redistribution may be negligibly small because of the smaller role it plays in chemical bonding. 24 In addition, the heating effect by electron beams from phonon excitation, estimated to be ϳ27 K, is also considered insignificant 25 in the present work.
In disordered states, oxygen vacancy concentration is directly related to the reduction in T c compared with a fully oxygenated sample, at least on the underdoped side of the phase diagram. This is understandable as more vacancies means a larger number of broken chains. Indeed, Tolpygo et al. 11 found that electron irradiation led to chain-oxygen disordering for both optimally doped and underdoped YBCO samples, in which oxygen defects were responsible for the T c reduction and electrical resistivity increases. However, the work was carried out on thin film samples with a 3 -50 nA beam current and their dosages ranging from 10 19 to 10 21 electrons/ cm 2 , i.e., 15-250 times higher in beam current and 10 3 -10 5 higher in dosage as compared to our irradiation conditions. Unfortunately, no observation was made in the dose limit that we used in the present work. Nevertheless, in Ref. 11͑b͒ ͑Fig. 6͒, there in fact was sign of T c enhancement as a consequence of irradiation even at relatively high dosages in their low-energy limit of 20-40 keV. In any event, the knock-out effect may not be negligible at their high dose extremes for energies greater than 40 keV, beyond which changes in T c and normal-state resistivity could have counteracted the concurrent oxygen ordering. Meanwhile, it is worth noting that our Raman results were reproducible over a 15-day room-temperature aging, though it is not yet clear as to why our sample demonstrated this extra resilience in comparison with earlier reports, 1-4,26 considering the commonly accepted high mobility of chain oxygen atoms.
In conclusion, we have studied the ͓-Cu͑1͒-O͑1͒-͔ n chainoxygen ordering effect by irradiation of a twin-free YBa 2 Cu 3 O 7−␦ single crystal with ␦ ϳ 0.08-0.4 using 20 -keV electron beams. Oxygen-deficient but twin-free YBCO ͑0 Ͻ ␦ Ͻ 1͒ samples may be a mixture of submicrodomains of structural phases of different degrees of oxygen deficiency averaged out to the observed ␦, each with its different arrangements of the O͑1͒ and O͑5͒ sites and chain fragments in accordance with the local stoichiometry. Based on this notion, then nominally twin-free YBCO crystals of a specific oxygen content may actually contains nano-or submicrometer-scale short-range order or disorder. Electron irradiation causes an ordering process to commence. In our case, the resulting ordered phase appears to sustain pro-longed room-temperature aging without showing any relapse of disordering. This opens up the possibilities of tailoring the oxygen order-disorder transition, i.e., manipulating the segmentation of the chain oxygen in a controllable fashion to acquire the desired T c , especially by use of commercially available scanning electron microscopes. Use of electron excitations to induce oxygen ordering is an especially enticing approach as the state-of-the-art electron beams can be narrowed to a spot size of ϳ1 -10 nm and nanopatterning is thus possible in an electron nanoscopic setting.
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